To evaluate motions and joint reaction forces of the total knee prosthesis during deep knee flexion such as kneeling and sitting straight, a simulator that reproduces the passive motion of the knee has been developed. The main feature of the simulator is that the knee joint is accurately and repeatedly moved from 0° to 180° flexion angle in six degrees of freedom. Moreover, the tibiofemoral and patellofemoral motion and joint reaction forces can be continuously measured. Assuming that muscular force is mainly generated with a quadriceps femoris muscle, the similar force vector is produced by two motors. The custom-designed posterior stabilized type total knee prosthesis which can be flexed to 180° has been inserted in the bone model and used for the evaluation. As a result, it was confirmed that this simulator was able to measure the motion and joint reaction force of the knee with high repetition accuracy. The experimental results showed the same tendency with those in the previously performed cadaveric experiment until 120° flexion. Hereafter, cadaver knee can be used for the evaluation of the knee prosthesis using the proposed simulator with high accuracy.
Introduction
The total knee prosthesis is used as total knee arthroplasty (TKA) for patients who suffer from osteoarthritis or rheumatoid arthritis, and obtains a steady therapeutic gain (1) .
However, the TKA patients can not do stabilizing a deep knee flexion such as kneeling or "seiza" which is unique deep knee flexure motion (2) . The "seiza" is a way of sitting down to set buttocks on the calf with the condition that the shin and instep are in contact with the floor because of the Japanese traditional lifestyle. Some factors have been enumerated. In general, a large flexion and the rotation angle are needed when "seiza" (i.e., about 162° and 13°, respectively (3, 4) ). However, the soft tissue, the hard tissue or the implant come in contact mutually behind the knee as the knee flexion increases. Therefore, the motion of the flexion and the rotation is restricted (5) (6) (7) . It is thought as one of the factors that a deep knee flexion such as the "seiza" can not be done stably. The total knee prosthesis that range of motion exceeds 120° has been proposed recently (8) . However, neither the durability of the implant nor the tension of the soft tissue during deep knee flexion has been clarified enough.
Therefore, the medical doctors worry about the complication of the dislocation and polyethylene wear caused by deep knee flexion (9, 10) , and do not recommend the "seiza" to the patients in Japan. Under the circumstances, there have been few papers that discussed the motion and reaction force of the knee joint during deep knee flexion (11) . However, the demand of a deep knee flexion such as kneeling has risen with the improvement of outcome of the total knee prosthesis in recent years. Therefore, the number of research on motion and the joint reaction force of the knee joint when the flexion angle exceeds 120° have increased. For instance, Nagura et al. (4) calculate a dynamic knee joint reaction force during the kneeling by using the force plate and motion capture system. Moreover, Caruntu et al. (12) analyze the influence of the soft tissue behind the knee that disturbs the flexion by the numerical simulation. In addition, Zelle et al. (13) measured the pressure distribution between the thigh and calf using the Tekscan Conformat pressure mapping sensor, and calculated the resultant contact force. Several knee joint simulators have been developed so far, and many wonderful results have been obtained (14) (15) (16) (17) (18) (19) (20) (21) (22) . Some simulators that reproduce a deep knee flexion such as kneeling have been reported in recent years. For instance, Wilkens et al. (14) measured the reaction force of tibiofemoral and the patellofemoral joint during the kneeling up to 135°. Moreover, Werner et al. (15) developed the simulator that the knee joint can flex up to 150°.
In addition, Conditt et al. (16) show the relation between the flexion and the rotation angle up to about 160° during the kneeling. However, these simulators mechanically restrain the tibial side. Therefore, there is a limit in the flexion angle by geometrical interference of the device. Moreover, the conventional simulator has output many profitable data such as the motion and the joint reaction force of the cadaver knee in certain knee flexion angle (21) .
However, since the development purpose of the conventional simulators is different from that of the proposed simulator, profitable data in the deeply flexed knee angle up to 180° have not been reported up to the present. The simulator that generates physiological knee joint motion while adjusting the muscular forces of the knee has been proposed (22) . However, the external force such as body weight is needed to make the deep knee flexion such as the kneeling and the "seiza" (3) . Therefore, generating those motions are beyond the purpose of the simulator. Moreover, many of existing simulators install a six degrees of freedom (6-DOF) force sensor in the proximal femoral position or distal tibial position, and measure the reaction force of knee joint (15, 21) . However, the influence of the soft tissue can not be ignored in this method. Therefore, it is not easy to obtain the reaction force of the net on the knee joint surface. This paper presents a novel knee joint motion simulator that is able to reproduce the deep knee flexion such as the kneeling and the "seiza", and measure the knee motion and the internal force of knee joint, continuously. That is, the proposed simulator can load the external force to the knee joint while keeping degree of freedom necessary to flex the knee deeply. Moreover, motion and the reaction force of tibiofemoral and the patellofemoral joint can be measured directly at the same time with electrical goniometers and the force sensors, respectively.
Knee motion simulator

Outline of the simulator
Basic requirement for the simulator is the ability to reproduce the passive knee flexion motion which is often performed by clinicians ( Fig. 1-3 ). The equipment is roughly divided into three. They are an actuator which pushes a tibia ( Fig. 1: a) , actuators which pull quadriceps femoris ( Fig. 1: b) , and a measurement part which measures a motion and force in the knee joint ( Fig. 1: c-i ). In the measurement part, the force sensor ( Fig. 1: d ) and linear encoders ( Fig. 1: e) which measure the pushed force and the position of tibia are prepared in the actuator which pushes the tibia. Moreover, the force sensor ( Fig. 1: f, g ) and electric goniometers ( Fig. 1: h) , which measure the force and motion of tibiofemoral and patellofemoral joint respectively, are set in the knee joint part. Furthermore, the tension meter ( Fig. 1: i) is set in order to measure the quadriceps femoris force. Unlike the existing knee simulator (14) (15) (16) 21) , distal parts of the tibia are excluded in the proposed simulator.
Therefore, this simulator can bend the knee up to 180°. Furthermore the motor which bend the knee and the knee joint are connected with the specially designed ball joint and the slide table ( Fig. 1: o, p, m) . Therefore, only the knee flexion is restrained, and other axis movements and the rotations become free. Consequently, evaluation of deep knee flexion such as the "seiza" is easily carried out. Table 1 shows the specification for the range of motion of the knee joint of this simulator. The range of motion of the knee joint was defined referring to a previous clinical approach (3, 6, 7, 19, 20) . Consequently, the proposed simulator satisfies the required range of motion of the knee joint for evaluation. 
Knee flexion and extension
The motion of knee flexion/extension is generated by the position controlled a DC motor (RFS-25-3018, Harmonic Drive Systems, Inc. Japan, Fig. 1: a) . The motor can generate 1Hz flexion/extension motion and 40Nm load torque. However, a deadweight and inertia of the tibial pushing part of simulator are estimated to be 147N and 7.8Nm 2 , respectively. According to these conditions, the equivalent load torque of the motor is calculated as 54.8Nm. The rotation angle of the motor is measured by the 1000 pulse per round (ppr) rotary encoder. The gear ratio of the motor is 100. The encoder signal goes into the interface board (Justech Interface Board JIF-171-1-A, JustWare Corporation, Japan) at every 0.5ms. According to these conditions, a theoretical measurement angle is calculated as 9×10 -4 degree/pulse.
Muscle force
Only quadriceps femoris force is applied as the muscle force referring to the method of Ahmed et al. (17) . The quadriceps femoris mainly consists of four muscles. In order to generate a composed force vector of these muscular forces, two force controlled DC motors (RE40, Maxon, Switzerland) are arranged in the medial and lateral side ( Moreover, the acquired data are low-pass filtered at 100Hz and averaged with 100 data. As a result of calibration, the error of the tension was confirmed to be less than ± 0.19% until 80N in the static condition.
Measurement of the tibial passive force and position
The generated force and the position of the tibial push point are measured simultaneously by a load cell (LCX-A-500N-ID, Kyowa Electronic Instruments Co. LTD, Japan, Fig respectively. The force signal is sent into the interface board through an amplifier (WGA-670B-7, Kyowa Electronic Instruments Co. LTD, Japan). The encoder signal is directly sent into the interface board. Each linear encoder is installed in each mutually orthogonal linear guide ( Fig. 1 : n). In contrast, the load cell is installed in the slide table through a shaft. There is a socket of the ball joint at the tip of a load cell ( Fig. 1: o) . In contrast, there is a ball of the ball joint at the tip of tapered round bar of tibial shaft ( Fig. 1 : p). The force and position to push the tibia can be measured by combining the ball with the socket. In order to decrease the influence of the weights of the slide table and sensors on the knee motion, the counter weight ( Fig. 1: q) is installed on the plate ( Fig. 1: r) . This weight moves along the linear guide, and is connected with the slide table through the wire ( Fig. 1 : s) and the pulleys ( Fig. 1: t) .
Measurement of tibiofemoral joint reaction force
A tibiofemoral force sensor is prepared to measure the tibiofemoral joint reaction force (Fig. 4) . This sensor can be installed in the knee joint. Therefore, the internal force of knee joint can be measured directly unlike a previous simulator. Resin is used as material for the sensor surface. The shape of the sensor surface is the same as that of the tibial component surface. Three 3-DOF (3 degrees of freedom) force sensors (PD3-32-05-080, Nitta Corporation, Japan) which permit 80N each in the axial direction are embedded below the sensor surface to measure 6-DOF (6 degrees of freedom) force up to 240N. Calibration of the tibiofemoral force sensor was performed with a 6-DOF force sensor (IFS67M-25A50-I40, Nitta Corporation, Japan). In the tibiofemoral force sensor, six force signals (i.e., the force and moment with respect to three axial directions) are calculated based on nine output signals from three 3-DOF force sensors. The composition matrix was obtained by a multiple regression analysis. The output signals of the three 3-DOF force sensors are taken into the interface board through the buffer circuit using three op amplifiers (LM324N, National Semiconductor Corporation, USA) in order to decrease mutual interference. The acquired data are low-pass filtered at 100Hz. Furthermore, the moving average of those 100 data was carried out. As a result of calibration, the error of the forces was confirmed to be less than ± 6.0% in the measurement range. 
Measurement of patellofemoral joint reaction force
A patellofemoral force sensor is prepared to measure the patellofemoral joint reaction force (Fig. 5 ). This sensor can be installed in the knee joint. Therefore, the internal force of knee joint can be measured directly. Polyethylene was used as material for the sensor. The geometry of the sensor surface is the same as that of the conventional patellar component's surface. In addition, a small load cell (LMA-A-500N-P, Kyowa Electronic Instruments Co. LTD, Japan) is embedded in the back of the sensor to make the sensor almost become isometric with a patellar component. The sensor signal is sent into the interface board through the amplifier as well as the others. As a result of calibration, the error of the patellofemoral reaction force sensor was confirmed to be less than ± 1% in the range between 0N and 100N.
Evaluation sample
The specially-devised posterior stabilized total knee prosthesis, which is designed to flex up to 180 °, is used as an evaluation sample (Fig. 6 ). The femoral component was made from laser beam lithography (Fig. 2) . The other components were produced with resin and attached to each aforementioned sensor (Fig. 4, 5) . In order to set the total knee prosthesis to the bone model, an exclusive surgical instrument is used, so that an alignment is kept to be normal. Moreover, the varus/valgus angle of the tibia is set to 7°.
Position of the tibial and patellar component
In order to measure the relative position and angle of tibiofemoral and patellofemoral joints, two kinds of electrical goniometers are prepared ( Fig. 1: h ) (22) . Each goniometer consists of six rotary encoders (MEH-12-2048PC and MEH-20-3600PC, Microtech Laboratory INC, Japan) connecting two end links and five intermediate links. The encoders pulse per round (ppr) are 2048 ppr and 3600 ppr, respectively, and each encoder signal is sent into the interface board. According to these conditions and the link length of each encoder, minimal theoretical space resolution is calculated as 0.073mm and 0.041mm, respectively. While the coordinate system proposed by Grood et al. (23) is used to describe the motion of the tibiofemoral joint. As a result of calibration using a gauge, the measuring errors of flexion angle, rotation angle and varus/valgus angle of tibiofemoral joint were confirmed to be less than ± 0.14%, 0.02% and 1.5%, respectively, and each measuring error of position was confirmed to be less than ±1.05mm in the measurement range. While, the angle of patella is shown in the Euler angle of the z-y-z system. As a result of calibration using a gauge, the measuring errors of α, β and γ of Euler angle were confirmed to be less than ± 0.24%, 0.08% and 0.21%, respectively. Each measuring error of position was confirmed to be less than ±1.16mm in the measurement range. In the experiment, the femoral component is fixed in the simulator, so the relative position and angle of tibiofemoral and patellofemoral joints are the displacement from the local coordinate of the fixed femoral component at 0 ° flexion angle (Fig. 6) . In order to eliminate the influence of the deadweight of the goniometer, a movable counter weight device is connected to the end of goniometer ( Fig. 1: u-y) .
Knee model
The knee model consists of a form cortical shell model imitating a normal knee (#1121 and #1117, Pacific Research Laboratories, Inc., USA), urethane rubber (NBLC, shore A50, Misumi Corporation, Japan) and cotton string (diameter: 3mm, length: 200mm, Japan) (Fig.  2) . These mechanical properties differ from the value of actual hard and soft tissues. However, it is possible to perform parameter study of the motion and force of the knee joint on the basis of these models. The joint surface of the femoral and the tibial model are surgically removed at 125mm and 120mm from the surface, respectively. Tapered round bar made by resin was inserted to the bone model along bone axis and fixed each other with bone cement and screws. The total weight of the femoral and the tibial model including the jigs and the tibial force sensor was 1.5N and 3N respectively. The femoral model is fixed to the frame of the simulator to be parallel to the floor, so that tibia becomes parallel to the floor at the extended position (i.e., when the flexion angle is 0°). While, the bone axis of the tibial model is set to be parallel to the floor, valgus angle of the tibia is set to 7° with respect to the femoral bone axis at the extended position. The tip of the tibial model is connected to the ball joint at the place of 200mm from tibiofemoral joint surface. The patellar tendon (PT), lateral collateral ligament (LCL), and medial collateral ligament (MCL), which are main tendon and ligaments in the knee joint, were made from urethane rubbers. These length, width and thickness were: 105mm, 30mm and 9mm for PT, 65mm, 15mm and 4mm for LCL, and 103mm, 20mm and 4mm for MCL, respectively. The attachments which have fourteen screw holes in a 5mm pitch are fixed to the tibial side patella tendon and medial and lateral femur with screws. After that, the rubber was fixed to the attachment with screws while the tension of LCL/MCL become about 1N at 0°, and become about 0N at 90°. The amount of the tension is much smaller than that of the loaded quadriceps tensions (40N/50N) . Therefore, the setting force was assumed to be negligible.
Experiment
In order to evaluate the effectiveness of the proposed knee motion simulator, experiments have been performed with the specially-devised posterior stabilized total knee prosthesis. As an external driving force of the knee joint, a quadriceps femoris force (Fq) and tibial passive force (Ftp) are given to the quadriceps femoris and the tip of tibial bone model, respectively (Fig. 7) . Reaction forces in the knee joint are tibiofemoral reaction force component (Ftx, Fty, and Ftz) and patellofemoral reaction force (Fp). The three kinds of quadriceps femoris forces were provided to perform the parameter study. The amount and the direction of three kinds of different quadriceps femoris forces were called pattern A, B, and C, and they were 40N (direction of the femoral axis), 40N (direction of the tibial axis), and 50N (direction of the femoral axis), respectively. The quadriceps femoris force in each pattern is applied from the two directions of the medial and lateral sides. Therefore, generating force of each side is a half of the setting force, i.e., 20N or 25N. The pulling direction of the quadriceps femoris force in the sagittal plane is parallel to the femoral axis. The knee flexion/extension is controlled to follow the desired trajectory (i.e., the sinusoidal wave in this study). All the experiments began after local coordinates of the femoral component and the tibial component had been adjusted. In addition, in order to decrease the friction of the joint surface, grease (Silicon grease mate, Kure Engineering Ltd., Japan) is spread on the each surface in each cycle. Figure 8 shows the target angle and actual angle of the motor, and the knee flexion angle measured by the goniometer in the case of pattern A. The desired trajectory of the motor was given as the sinusoidal wave to make the knee flexion angle of 180°. Moreover, one cycle was set to 60 seconds, and five cycles were performed. As a result, the average and the standard deviation of the difference between the target angle and the actual angle of the motor were calculated as 0.28 ± 0.30° (mean ± SD) every time, while the average and the standard deviation of the maximum flexion angle of the knee every cycle were calculated as 175.57 ± 0.02° (mean ± SD). Figure 9 shows the rotation and the varus/valgus angle of the tibia as a function of the knee flexion angle in the case of pattern A. The motion of the knee is steady from the second cycle. Therefore, all the measurement data were averaged last three from since the third cycle. Here, the average and standard deviation of the maximum rotation angle and varus/valgus angle of last three cycles were calculated as 10.90±0°(mean ± SD) and -4.61±0°(mean ± SD), respectively. Figure 10 shows average quadriceps femoris force of pattern A and C of each cycle as a function of time. As a result, the average and standard deviation of medial and lateral quadriceps femoris force in the case of pattern A (target force: 20N) were calculated as 19.9 ± 1.8N (mean ± SD) and 20.3 ± 1.7N (mean ± SD), respectively. In contrast, the average and standard deviation of medial and lateral quadriceps femoris force in the case of pattern C (target force: 25N) were calculated as 24.8±1.9N (mean ± SD) and 25.3±1.9N (mean ± SD), respectively. Pattern B tends to be almost equal to pattern A, and the average and standard deviation of medial and lateral quadriceps femoris force were calculated as 19.9 ± 1.7N (mean ± SD) and 20.3 ± 1.7N (mean ± SD), respectively.
Results
knee joint motion by motor drive
Quadriceps femoris force
Tibiofemoral and patellofemoral joint reaction force
The influence of quadriceps femoris force change on the force and motion of knee is described from this section. Figure 11 shows the measured tibiofemoral joint reaction force components. The force components are larger in order of the axial force (Ftz), the anterior force (Fty) and the lateral force (Ftx). The maximal force components of Ftx, Fty and Ftz in pattern C are 27.4N at 73° flexion, 52.7N at 74.3° flexion, and 89.3N at 46.5° flexion, respectively. The ratio to each loaded quadriceps femoris force was 0.55, 1.05, and 1.79, respectively.
The axial force (Ftz) becomes larger with flexion until 60° flexion, and then becomes gradually smaller with flexion after that. In contrast, the anterior force (Fty) is a convex curve between 60° and 90°. Moreover, the lateral force (Ftx) is changed to medial force in this region. After 120°, the amount of the anterior force (Fty) becomes almost equal to that of the axial force (Ftz) and decreases together. Figure 12 shows the measured patellofemoral joint reaction force (Fp). The force becomes larger with flexion until about 90°, and then becomes smaller until 120° after that. After 120°, it is a convex curve until 180°. The maximal patellofemoral forces in patterns A, B and C are 50.8N at 78.3° flexion, 37.8N at 75.2° flexion, and 61.7N at 80.1° flexion, respectively. The ratio to each loaded quadriceps femoris force is 1.27, 0.95 and 1.23, respectively. The force in pattern C becomes the largest, because the initial quadriceps femoris force in pattern C is the largest. On the other hand, the tendency of the patellofemoral reaction force of pattern B is smaller than that of the others. In the case of patterns A and C, the patella moves along the lateral femoral groove. Since the initial patella position of pattern B is medial, the patella moves along the femoral groove after it goes over anterior medial femoral condyle with flexion. Figure 13 shows that the rotation and varus/valgus angle of the tibia as a function of flexion angle. The tibia tends to rotate externally up to 120° in flexion, and then rotates internally after that in all patterns. The rotation angle in pattern B is larger than that of the other patterns since 30° flexion. In contrast, the rotation angles in pattern A and C are almost the same until 120° flexion, after that, the rotation angle in pattern C is close to that in pattern B. The maximal rotation angles in patterns A, B and C are 11.1° at 120. 
Rotation and varus/valgus angle
Discussion
Repeatability of motion of knee
As shown in Fig. 8 and Fig. 9 , these results are acceptable for the evaluation of the knee prosthesis, although there is a little repetition error in knee flexion/extension, rotation and varus/valgus angle. Therefore, these results suggest that the proposed simulator can reproduce the knee motion with high accuracy.
Tibiofemoral and patellofemoral joint reaction force
The flexion states of the knee joint are shown in Fig. 14 . The femoral cam contacts the tibial insert spine by 60° flexion angle from the experimental observation ( Fig. 14: b) . Therefore, the anterior force (Fty) increases after that (Fig. 11: b) . While a quadriceps femoris model comes in contact with a femoral component at 90° or more flexion angle (Fig.  14: c) , the reaction force (Fqc) between quadriceps femoris and femoral component makes the amount of Fp smaller (Fig. 12) . After 120° flexion, the patella component is beyond the top of femoral component, since the motion of tibial and patellar component are geometrically restricted by the quadriceps femoris tendon, patella, and tibial component on three sides (Fig. 14d: 1-3) . Therefore, the anterior tibial force (Fty) is decreased and the patellofemoral reaction force (Fp) is increased. Since 150° flexion, the patellofemoral reaction force (Fp) is decreased (Fig. 12) , because the femoral component comes in contact with the quadriceps femoris tendon and the tension is greatly supported by the both. The constraint to the patellar component becomes loosen because the patellar and tibial components approach each other in parallel.
Consequently, the force of the knee joint is influenced by the contact or restraint of each component and quadriceps femoris tendon. The contact of the femur and patellar tendon has already been pointed out by previous studies (24) (25) (26) , and our experimental results are qualitatively in agreement with the experimental result using the cadaver knee (24, 25) and the examination result by the MRI picture which was analyzed by Nakagawa et al. (26) . ). These conditions are almost similar to the experimental conditions in this paper. However, each quadriceps force is greatly different, and the force of the reference and our experiment is 734N and 50N, respectively. Therefore, the maximum patellofemoral reaction force is different, and each value is 741N and 61.7N, respectively. So, each value is compared assuming a ratio of the maximal value of each data is 1. Comparing both data, there is a difference in the section from 30° to 60° and the section from 90° to 120°. The bone model used in the experiment models only the quadriceps muscle and LCL/MCL. However, an actual knee has many other soft tissues such as hamstrings and joint capsule. Moreover, the shape of joint surface of knee model is different form the actual knee. These differences resulted in the difference in the force and the motion. However, the change of patellofemoral reaction force (Fp) showed the same tendency with that of the cadaveric experiment performed by Ahmed et al. . 
Rotation angle
There are two changing points in the Fig. 16 . The first point is about 60°. From the experimental observation, the femoral cam contacts with insert post at this point (Fig. 14 b) . After that, a rotation angle increases. The second point is near 120°. The patella component is beyond the top of femoral component ( Fig. 14: d) . Consequently, the motion of tibial component is restricted by the quadriceps femoris tendon contact, patella, and tibial component on three sides geometrically ( Fig. 14: d, 1-3) . Therefore, the tibial rotation is decreased.
Harfe et al. (20) conducted the similar experiment using cadaver knees (circle line:
hamstrings and square line: quadriceps in Fig. 16 ). In their experiment, the weight of 120N is applied to the quadriceps femoris muscle, and the relation between the flexion and the rotation is measured up to 120° flexion by 15° pitch, statically. Comparing both data, the measured data are closer to those under the hamstring load condition than those under the quadriceps femoris load condition. Probably, as described in the foregoing paragraph, the kind of the soft tissues and the shape of the joint surface of the bone model are different from an actual knee. As a result, it is supposed that the difference in the resistance of knee joint surface results in that difference. However, it turned out that the both results show the similar tendency until 120° flexion. Finally, the generation of the "seiza" posture with the proposed simulator is described. The proposed simulator is able to generate the passive motion with the same way that the clinicians perform to the patients. Therefore, it is possible to generate the "seiza" posture with the same way that the clinicians carry out to the patients using the proposed simulator.
In the "seiza" posture, the entire lower-leg comes in contact with the floor. It is assumed that the body weight and the reaction force from the floor are the external force, and keep the "seiza" posture. If this state is simplified, the "seiza" posture is assumed to be generated when the external force is applied at the representative point in the lower-leg region. This condition is almost the same as how the clinicians generate the "seiza" posture of the patients. In the proposed simulator, the knee flexion is generated assuming the representative point of the force is located at the ball joint in the tibia. On the other hand, the soft tissue such as thighs and calf behind the knee is necessary to reproduce the "seiza" posture to realize the state of the living knee. Zelle et al. measured the contact pressure of the thigh and calf at deep knee flexion such as squatting and kneeling, and reported the soft tissue behind the knee supported force that exceeds 30% of body weight in one foot (13) .
Therefore, these soft tissue models are necessary to reproduce the state of "seiza" posture to realize the state of the living knee. By making the knee joint model in the simulator similar to the living knee, the "seiza" posture would be generated accurately. Furthermore, the verification by the cadaver knee experiment is also important. The motion and the reaction force of the knee joint at deep knee flexion can be quantified using the proposed simulator not only with the knee models but also with the cadaver knees.
Conclusion
A novel simulator, which can measure the motion and force of the total knee prosthesis up to 180° in knee flexion while controlling the quadriceps femoris force vector, has been proposed. The custom-designed posterior stabilized type total knee prosthesis which can be flexed to 180° has been inserted as a bone model and evaluated. As a result, it was confirmed that the proposed simulator was able to measure the motion and joint reaction force of the knee with high repetition accuracy. The experimental results obtained with the proposed simulator showed the same tendency with those in the previous cadaveric experiments until 120° flexion. Hereafter, cadaver knee can be used for the evaluation of the knee prosthesis using the proposed simulator with high accuracy.
